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(57) ABSTRACT 

A voltage controlled oscillator generates an output signal 
Whose frequency varies as a ?rst function of a control 
voltage applied to a control terminal. The voltage controlled 
oscillator has a Wide range of frequency of operation. A gain 
adjust circuit adjusts the gain of the voltage controlled 
oscillator such that the ?rst function varies as a second 
function of the gain. In a preferred embodiment the gain 
adjust circuit includes a variable impedance that may be 
external or integrated onto a common chip With the oscil 
lator core. 
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CAPTURE RANGE CONTROL MECHANISM 
FOR VOLTAGE CONTROLLED 

OSCILLATORS 

FIELD OF THE INVENTION 

This invention relates to electronic voltage controlled 
oscillator circuits, for example for use in phase locked loops 
manufactured as monolithic integrated circuits. 

BACKGROUND OF THE INVENTION 

The frequency of oscillation of an oscillator is typically 
adjusted With a control voltage. Such an oscillation is 
referred to as a voltage controlled oscillator (VCO). In some 
implementations the control voltage varies the current 
source for one or all of a plurality of inverters connected in 
series With each other. In other implementations the control 
voltage varies the capacitance in an inductance/capacitance 
resonator. 

In typical integrated circuit implementations the circuit 
element Which has a capacitance Which varies With a control 
voltage is a collector varactor. This may be a diode 
employed as a variable capacitor With the variation of 
junction capacitance dependent on the reverse bias voltage 
or a MOS varactor in Which case the enhancement or 

depletion region under the gate of a surface ?eld effect 
transistor varies as a function of the gate to drain/source 
voltage. The drain or source are typically connected together 
in such implementations. In both cases the capacitance 
varies in a non-linear fashion to changes in control voltage. 
The variation in the frequency of oscillation in turn also 
varies in a non-linear fashion to changes in the capacitance 
of the resonator (in fact it typically varies as 1\/ (LC). The 
overall result is that the gain of the oscillator, Which is 
de?ned herein as the ratio of (changes in frequency)/ 
(changes in control voltage), varies With the applied control 
voltage. In many applications, such as frequency synthesiZ 
ers for cellular telephones, phase-locked loops for telephony 
systems, such as SONET optical links, it is desirable to 
minimize this gain. 
Aphase locked loop typically comprises a phase detector 

Which measures the phase offset betWeen a reference clock, 
a charge pump Which converts the detected phase difference 
to a source or sink current that varies in duration commen 

surate With the duration of the phase difference, a loop ?lter 
consisting of some combination of resistors and capacitors 
Which accumulates the charge of the charge pump resulting 
in a varying voltage. This voltage is either directly fed to the 
oscillator or passed through a buffering circuit. 
A loW gain in the VCO is instrumental in optimiZing the 

system characteristics, such as phase noise, output clock 
jitter, poWer supply noise immunity or PLL damping factor. 
If the gain of the VCO is reduced the capture range of the 
PLL is also reduced for a given range of control voltage. If 
after manufacture the oscillator has an offset betWeen its 
desired frequency or frequency range of resonance and of 
the system (including the VCO and ancillary circuits) the 
integrated circuit becomes unusable. 

The prior art has focused on VCO tuning methods that 
utiliZe on-chip solutions. For example, US. Pat. No. 6,137, 
372 to Welland and US. patent publication no. 2002/ 
0033739 A1 to Bisanti et al address the problem of tuning 
the capture range of a voltage controlled oscillator (VCO) by 
adding or subtracting circuit elements, in both cases capaci 
tance Within the VCO itself. These methods alloW the 
construction of a VCO that can be adjusted for manufactur 
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2 
ing variation in the VCO, and they can compensate for 
variation in ambient conditions that the circuit is operating 
in, such as changes in temperature, but they have the 
draWback of abruptly changing the oscillation frequency of 
the oscillator When a capacitor is added or removed. This is 
inherently acknowledged in US. Pat. No. 6,211,745 column 
14 line 51, Where it states that “When the VCO 500 is used 
in such a system the method 800 preferably prevents cali 
bration of the VCO during the time slots that voice/data is 
being received or transmitted”, and in US. Pat. No. 6,137, 
373 in column 9 line 49 Where it states that “If desired, the 
discrete control 502 may continue to monitor the output 
frequency (fout) 102. If too great an error is detected, 
discrete control 502 may move the sWitch (SW) 512 back to 
select initial control node 510 and again modify the digital 
control Word (Bc) 404 based on a desired procedure.” This 
abrupt change in frequency can be detrimental to overall 
system performance as a difference in frequency betWeen 
the VCO and the input reference Will produce a phase 
eXcursion in the output clocks until the PLL has 
re-synchroniZed. 

In US. Pat. No. 5,912,595 the VCO is tuned in frequency 
With a control voltage that is sWitched to discrete levels by 
a D/A (digital-to-analog) converter. The sWitching is done to 
compensate for changes in temperature to minimiZe the 
variation in the output frequency of the VCO. Because this 
sWitching creates discrete voltage levels in the tuning volt 
age again each sWitch action Will produce a step in the 
control voltage of the VCO, creating an abrupt change in 
VCO frequency With the attendant problems. 

SUMMARY OF THE INVENTION 

According to the present invention there is provided a 
voltage controlled oscillator having a Wide range of fre 
quency of operation generating an output signal Whose 
frequency varies as a ?rst function of a control voltage 
applied to a control terminal, Wherein the voltage controlled 
oscillator further includes a variable gain circuit for adjust 
ing the gain of the control voltage applied to the voltage 
controlled oscillator. 

In accordance With the principles of the invention, the 
voltage controlled oscillator (VCO) should be designed for 
a relatively Wide range of frequency of oscillation. This 
ensures that despite variations in manufacturing process 
tolerance and device operating conditions a control voltage 
can be selected at Which the VCO provides operation at the 
desired frequency. One means of doing this is to bias the 
varactor With a tuning range close to the forWard bias region 
or even into the forWard bias region Which greatly enhances 
its capacitance. 

Once a large frequency capture range has been achieved 
by means of a suf?ciently high VCO gain, a variable gain 
circuit can be inserted as a buffer to the VCO control 
voltage. This buffer can also be used to introduce a DC offset 
betWeen the varying input control voltage and the VCO 
control voltage. 
The gain betWeen the variation in input voltage variation 

and the output voltage variation of the buffer is adjusted by 
means of a resistor. The resistor may be placed off chip to 
eliminate any dependency on manufacturing tolerances in 
the fabrication of integrated circuits or it may be an on chip 
resistor Whose value is adjusted as a coarse control in an 
on-chip implementation that includes a calibration means. 
An increase in the value of the eXternal resistor eXtends the 
tuning range of the oscillator. 
The invention also provides a method of extending the 

range of a voltage controlled oscillator, said voltage con 
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trolled oscillator generating an output frequency dependent 
on a control voltage, comprising providing a variable gain 
circuit to adjust the gain of the control voltage applied to the 
voltage controlled oscillator; and adjusting the gain of the 
gain adjustment circuit to provide the desired operating 
range for the voltage controlled oscillator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention Will noW be described in more detail, by 
Way of example only, With reference to the accompanying 
draWings, in Which: 

FIG. 1 is a generic block diagram of the elements of a 
phase lock loop; 

FIG. 2 illustrates an LC voltage controlled oscillator; 
FIG. 3 illustrates the typical variation in capacitance of a 

varactor as a function of voltage across the diode; 

FIG. 4 is a block diagram of a voltage controlled oscillator 
in accordance With the invention; 

FIGS. 5a, b, c illustrates possible alternative implemen 
tations of the resistor Rtune from FIG. 4; and 

FIG. 6 shoWs the measured variation in VCO gain and 
tuning range as a function of the external (off-chip) resistor. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 is a block diagram of a generic phase locked loop. 
It comprises a phase detector 10 receiving at its inputs a 
reference signal and a feedback signal, a charge pump 
receiving an output of the phase detector 10 Which converts 
detected phase difference to a source or sink current that 
varies in duration commensurate With the duration of the 
phase difference, a voltage controlled oscillator 16 Whose 
output is fed back via divider 18 to the input of the phase 
detector 10. The loop ?lter 14 comprises resistor 20 and 
capacitors 22. 

The voltage controlled oscillator 16 is shoWn in FIG. 2. 
This comprises a pair of transistors 30, a constant current 
source 32, resistors 34, a pair of varactors 36 (variable 
capacitance capacitors), a pair of inductors 38, and a pair of 
capacitors 40. Input terminal 42 receives a control voltage 
V“, from the loop ?lter 14. In operation, the control voltage 
Vc? varies the capacitance of varactors 36 in the LC circuit, 
and thus varies the output frequency of the oscillator. 

FIG. 3 shoWs the variation in capacitance of a varactor. It 
Will be noted that the change in capacitance for a given 
voltage range greatly increases as the forWard bias region is 
approached. 

In the embodiment of the invention shoWn in FIG. 4, the 
core 56 of the VCO 16 is preceded by a variable gain circuit 
44 comprising an FET 54, ?xed resistors 48, 52, variable 
resistor element 46, and capacitor 50. The gain of this circuit 
can be varied by adjusting the variable resistor 46, Which lies 
betWeen gain adjust terminal 82 and the poWer supply. The 
variable gain circuit 44 applies an amount of gain to the 
control voltage Vc? at input terminal 82 that depends on the 
setting of the variable resistor element 46. 

The resistor 46 can be placed off chip to eliminate any 
dependence on manufacturing tolerances in the fabrication 
of integrated circuits. Such a resistor is shoWn in FIG. 5a. In 
this case, the main portion of the gain adjust circuit is 
integrated on a monolithic chip With the voltage controlled 
oscillator core 56. The ?xed resistor 48 is connected to a 
device pad on the chip for connection to the poWer supply 
through the external variable resistor 46. Alternatively, the 
resistor 46 can be an on-chip resistor. 

FIGS. 5a to Sc shoW various possible con?gurations for 
the variable resistor element 46. As shoWn in FIG. 5a, the 
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4 
resistor element can be a simple off-chip variable resistor. 
Alternatively, as shoWn in FIG. 5b, it can consist of a circuit 
comprising several ?xed resistors 58 selectable by FET 
sWitches 60. In the embodiment shoWn in FIG. 5c, the 
variable resistor element consists of ?xed resistor 70 in 
series With a selection MOSFET transistor 62 Which controls 
the current through ?xed resistor 70 according to the adjust 
able voltage Vtune applied to the transistor 62. 
The varactor 36 is biased With the tuning range close to 

the forWard bias region or even into the forWard bias region 
as shoWn in FIG. 3, Which greatly enhances its capacitance. 
Having achieved a large frequency capture range by means 
of a sufficiently high VCO gain, the variable gain circuit 44 
is inserted as a buffer to the VCO control voltage. This buffer 
can be used to introduce a DC offset betWeen the varying 
input control voltage and the VCO control voltage. 
The gain betWeen the variation in input voltage variation 

and the output voltage variation of the buffer is adjusted by 
means of the resistor element 46. As shoWn in FIG. 6, an 
increase in the value of the external resistor extends the 
tuning range of the oscillator. Furthermore, the slope of the 
curve increases as the value of the resistor is increased. This 
increase in slope results in higher gain and its attendant 
circuit degradation. This shoWs that the circuit may be 
manufactured and characteriZed With a minimal resistor 
selected for the ?nal circuit application. The selected resistor 
is made as small as possible While still alloWing for the 
oscillator to produce the desired output frequency range. In 
FIG. 6, effect of the resistor is shoWn for a range of 0 to 1.6 
Kohms. 
We claim: 
1. A voltage controlled oscillator circuit, comprising: 
a voltage controlled oscillator core for generating an 

output signal Whose frequency varies as a function of 
an applied control voltage; 

an input terminal for receiving said control voltage; 
a variable gain circuit betWeen said input terminal and 

said voltage controlled oscillator core; and 
a control element for adjusting the gain of said variable 

gain circuit so as to adjust the gain applied to said 
control voltage. 

2. The voltage controlled oscillator circuit of claim 1, 
Wherein said variable gain circuit includes an adjustable 
impedance that determines the gain of said variable gain 
circuit. 

3. The voltage controlled oscillator circuit of claim 2, 
Wherein said variable gain circuit includes an integrated 
portion and an external resistor element providing said 
adjustable impedance. 

4. The voltage controlled oscillator circuit of claim 3, 
Wherein said integrated portion of said variable gain circuit 
is connected to a device pad on a monolithic integrated 
circuit for connection through said external resistor element 
to said poWer supply. 

5. The voltage controlled oscillator circuit of claim 2, 
Wherein said adjustable impedance includes a plurality N of 
resistors of ?xed value, each being selectable by a selection 
transistor. 

6. The voltage controlled oscillator circuit of claim 5, 
Wherein said selection transistors are arranged in series With 
respective said selection transistors. 

7. The voltage controlled oscillator circuit of claim 2, 
Wherein said adjustable impedance includes a MOS transis 
tor With a gate connected to an adjustable voltage source. 

8. The voltage controlled oscillator circuit of claim 2, 
Wherein said adjustable impedance includes a MOS transis 
tor in series With a ?xed resistor, said MOS transistor having 
a gate providing a control input for adjusting said imped 
ance. 
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9. The voltage controlled oscillator circuit of claim 1, 
comprising a tank circuit including inductive and capacitive 
elements, said capacitive element including one or more 
varactors, and Wherein said gain adjust circuit also acts as a 
level shifter to provide a DC offset that forWard or reverse 
biases said varactors With respect to quiescent voltage at an 
oscillatory terminal thereof. 

10. The voltage controlled oscillator circuit of claim 1, 
Wherein said variable gain circuit also acts as a level shifter 
to provide a DC offset for said control voltage. 

11. The voltage controlled oscillator circuit of claim 10, 
Wherein said oscillator core comprises a tank circuit includ 
ing inductive and capacitive elements, said capacitive ele 
ment includes one or more varactors, and Wherein said 
variable gain circuit applies said DC offset to an input 
terminal of said varactors. 

12. A method of operating a voltage controlled oscillator, 
comprising: 

receiving a control voltage for determining the output 
frequency of said voltage controlled oscillator; 

10 
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6 
passing said control voltage through a variable gain 

circuit prior to applying said control voltage to said 
voltage controlled oscillator; and 

adjusting the gain of said variable gain circuit to set the 
desired output frequency range for said voltage con 
trolled oscillator. 

13. The method of claim 12, Wherein said gain is adjusted 
by means of an adjustable impedance, and Wherein the 
minimum impedance is selected that is compatible With the 
desired output frequency range. 

14. The method of claim 13, Wherein said adjustable 
impedance is located off chip. 

15. The method of claim 12, Wherein said variable gain 
circuit also provides a DC offset to reverse or forWard bias 
said voltage controlled oscillator so as to enhance its oper 
ating range. 


